12 United States Patent

US010697719B2

10) Patent No.: US 10,697,719 B2

Wertz et al. 45) Date of Patent: Jun. 30, 2020
(54) MONITORING A RECIRCULATING (56) References Cited
COOLING SYSTEM FOR BACTERIAL |
GROWTH U.S. PATENT DOCUMENTS
5,015,436 A * 5/1991 Nagase .................. G21C 15/28
(71) Applicant: International Business Machines 376/306
Corporation, Armonk, NY (US) 5,349,874 A * 9/1994 Schapira ................ GOIN %(8)2
(Continued)
(72) Inventors: Jason T. Wertz, Pleasant Valley, NY
(US); Joseph Kuczynski, North Port, FOREIGN PATENT DOCUMENTS
FL (US); Bradford O. Brooks,
Walsenburg, CO (US); Donald W. CN 107090399 A 8/2017
Porter, Highland, NY (US); Allan C.
Vandeventer, Poughkeepsie, NY (US) OTHER PUBLICATIONS
Xia, Y., et al., “Bandpass Particle Sorting in Cascade Acoustofluidic
(73) Assignee: International Business Machines System for Drinking Water Monitoring,” in Solid-State Sensors,
Corporation, Armonk, NY (US) Actuators, and Microsystems (Transducers), Transducers—2015
(IEEE), 18th International Conference on, pp. 1814-1817 (2015)
( *) Notice: Subject to any disclaimer, the term of this (Year: 2015).% _
patent is extended or adjusted under 35 (Continued)
U.5.C. 154(b) by 36 days. Primary Examiner — Chester T Barry
(74) Attorney, Agent, or Firm — Robert J. Shatto
(21) Appl. No.: 16/059,690
(37) ABSTRACT
(22) Filed: Aug. 9, 2018 A recirculating cooling system includes a coolant sampling
line, a deterministic lateral displacement (DLD) microfluidic
separation device, a monitoring device, and an alert genera-
(65) Prior Publication Data tiolil device. The coolant sampgling line 1s m flud C%nunu-
IS 2020/0049435 A1 Feb. 13, 2020 nication with a recirculating coolant line, and the DLD
microtluidic separation device receives a coolant sample
diverted 1nto the coolant sampling loop from the recirculat-
(51) Int. CL. ing coolant line via the coolant sampling line. The DLD
F28F 27/02 (2006.01) microtluidic separation device includes a separation array
F28F 25/02 (2006.01) for separating bacteria into an output channel according to a
CO2F 103/02 (2006.01) s1ze threshold. The monitoring device monitors a character-
(52) U.S. CL 1stic property of the cqolant sampiling loop for comparisog to
cCPC F28F 27/02 (2013.01); F28F 25/02 a threshold for bacterial gl:owth n the recirculating cooling
(2013.01); CO2F 2103/023 (2013.01): system. The alert generation device generates an alert to
. ’ remediate the bacterial growth in the recirculating cooling
(Continued) system responsive to the characteristic property of the
(58) Field of Classification Search coolant sampling loop satisfying the threshold.
None

See application file for complete search history.

18 Claims, 4 Drawing Sheets

Cooling Water 100
Reservoir 110 ¥
i - Thenmal Device(1} 120 -
- Thermal Devica(2} 122 -
P Thenmal Device(3} 124 -

'leant Sample 134

™ Recirculating Cootant Line 130 5\\/ @
: U Filter 114

Line 132 Heat Exchanger 116 Pump 112

Alart Genarsiion

Alert 144
Remediate
haclerial growth
¥ circulating
cooding systerm

Detemministic Lateral Device 142
Displacement {DLD)
Microfluidic Separafion Device
G2
Bacterlal Separallon Moenitoring Device 140
Aray(s) 104 Threshokd for
Bacdierial

Crowih 145

Coolant Sampling Loop 136



US 10,697,719 B2
Page 2

(52) U.S. CL

CPC ...

(56)

5,821,000
8,203,023
8,596,402
9,394,618
2003/0059328
2003/0186331
2005/0072743
2005/0089441
2007/0026381

2007/0205142
2009/0286300
2013/0015137

2013/0026105

2013/0266669

References Cited

CO2F 2307/14 (2013.01); F28F 2265/06
(2013.01); F28F 2265/20 (2013.01); F28F

2265/22 (2013.01)

U.S. PATENT DOCUMENTS

CO7K 16/12
435/7.2

ttttttttttttt

C23G 1/103
F04C 29/042

418/84
C12Q 1/02

435/7.2
CO2F 1/722

210/759
CO2F 1/02

422/1
BOI1L 3/502746

435/4

ttttttttttttt

tttttttttttt

ttttttttttttttt

tttttttttttttt

tttttttttttttttt

tttttttt

BO1D 37/04

210/654
CO2F 5/083

210/696

ttttttttttttt

tttttttttttttt

A * 10/1998 Pyle ..........
B2 0/2012 Le Vot et al.
B2 12/2013 Parfitt et al.
Bl1* 7/2016 Bellows ....
Al*  3/2003 Sundstrom

Al* 10/2003 Vesey ...
Al*  4/2005 Schneider .
Al* 4/2005 Cofley ......
Al*  2/2007 Huang ......
Al 9/2007 Parfitt et al.
Al 11/2009 Le Vot et al.
Al* 1/2013 Urmeny1t ...
Al* 1/2013 Duarte ......
Al* 10/2013 Jiang .........

CO2F 1/50
424/725

tttttttttttttttt

2015/0166986 Al 6/2015 Boles et al.

2015/0167051 Al* 6/2015 Jasko, III ................. C12Q 1/66
165/11.1

2017/0248508 Al* 82017 Ward ................ GOIN 33/5091

2018/0093023 Al 4/2018 Gifford et al.

2018/0369816 Al* 12/2018 Al .ccvveevennnnn, BO1L 3/502761

OTHER PUBLICATIONS

Reynolds, D.T. et al., “Detection of Cryptosporidium oosysts In

water: techniques for generating precise recovery data,” J. Appl.

Microbio., 1999, 87, pp. 804-813 (Year: 1999).*

Ranjan et al., DLD pillar shape design for efficient separation of
spherical and non-spherical bioparticles, Lab on a Chip, Sep. 2014,
pp. 4250-4262, vol. 14, Royal Society of Chenmustry, London.
Devendra et al., Gravity Driven Deterministic Lateral Displacement
for Particle Separation in Microfluidic Devices, Analytical Chem-
istry, Nov. 2012, pp. 10621-10627, vol. 84, Issue 24, American
Chemical Society, Washington, D.C..

McGrath et al., Deterministic lateral displacement for particle
separation: a review, Lab on a Chip, Sep. 2014, pp. 4139-4158, vol.
14, Royal Society of Chemustry, London.

Wunsch et al., Nanoscale lateral displacement arrays for the
separation of exosomes and colloids down to 20 nm, Nature
Nanotechnology, Nov. 2016, pp. 936-942, vol. 11, Macmillan
Publishers Limited, part of Springer Nature, London.

Przybylski et al., “Allergic Early Detection Wearable Device,” U.S.
Appl. No. 16/223,515, filed Dec. 18, 2018.

* cited by examiner



US 10,697,719 B2

Sheet 1 of 4

Jun. 30, 2020

U.S. Patent

(D
-
—

Wa)sAs Buljood
Sunenodio ul

[pmob [eLsjoeg
aeIpalUSy

PPl uoly

2} | dung

il JoHl

o¢ | doo buidwes Juejoo)

|
|
| OFT UIMOID
_ [eLSIOEG
| 10} pjoysaiy]
.................. - FOT (s)Aewy
“ T T — = uoneedsg |eusleg
“ “ Z0T
_ aoine( uoneledasg JIPINOIONIN
_ (11Q) weweoedsI(
camwmmwwm%m_« [BIR)ET ONSIUILLIRIR(]
b€ | 9)dwes uej00)
b e o e o o o ————
01| Jobueyox3 JesH ¢t | oul Vi

’\_ 0¢} dur JuejooD Bueinauiooy

P2T (e)eoneq [eunsy

¢cl (2)aomna(] [eunay |

011 JIOAISSDY
181ep\ Buljoon

0cl (1)eona( feunay |

buidwes Juej00y 2\

Ry SUmr SUSET ST TR T SN SEEEE SRR SRWRT IR TEET W W AW S



U.S. Patent Jun. 30, 2020 Sheet 2 of 4 US 10,697,719 B2

=7
7

Bactenal

Growth 146

Bacte
Count
Threshold for

Alert Generation
Device 142

/

Imaging Device 240

Tinle e s s - ik

el e

Separation Array 204
Transparent /
Aperture 260

T 3 0 T R T T O T T T O e B R O O T T

B b B B O M N M W o4 w3 3 3 o o o o b B b B B B N N W & W N o ow s s sk ook b b W B B N OE N MR N ok od o s omh M b M W B B B OE M N M A3 3 3w o okod oW MMk Ex bl E S A R s3I EW RN o oM b W B M B N O NN W W R oW oW NN NN
L OW W d W o W W M b WM K E B oK N M N W W d W W W M B W ON K B K K KN MM M N A W W MM M W WK Wb R R R WM W W A W W W MM MW W K B M K NN W W N M W W M b b b b M B M M N E W W W W W M W W W b NN E E B OE & NOM N
iIHIillililiﬂllllIl.ﬂlilll-liii’lﬂIIHHHIHIIIEII!!’I’III'IIHIIHIHtEII!II!IIIIIIHIIIlli-ﬂ-iiiﬂlllIHIHIitIHIiiiIIIII*ﬂ . B
IiliIIIIIIIHIlllttlllil".llllltllIIE-I--IIIII'IIIIIIllltl.l-l'llIIIIIIIIllltI.I-I-I.IIIIHIIIIIllllIIIIIIIIIIIIIlll*“ililli

F A EF FEBFEEREZA 4 34 34 2 a9 4 4a8aPpF EEVPFFFEEEREESRI I3 S22 adanspFEPFBFEET SRS &I & 4 142 8 aF F FFFEEREBBII f S d 22 FEEESPFEDRFERAGAEI S I 1 28" a8 FEBRFFFEREEREERDSR R i..i- 4 3 " F FF F B y ‘
i1l & i i3 43" " K F B EEGELLIEIIISSIiTT X2 DY ERE FETERTESDL I I f i 4" "R ¥YEER BFEEREEERLII I 1473 " R ER F BFEERESEBLLAEA ST IS 243" A FEBFEREERESRSBLIEI I 2 f 313330 ;‘ﬂ B E E F L R & & 1 32 l
¥ AR F F FEFEERERBILI i1 43124939y ¥ N FFFFFEFEREERBI1I LI 2 3323239y FFAPFERFPEFERERBILI 244323242949 " RFAFFEFFEFEREERERBI1I P14 3939 3y PP FPFPFERFEFEBRBLI I A2 43349 Y FTFPAREFEFEFEESBR [ ] 4 4 4 4 4 4 M FEFF t ‘

P 4 4 41 4 A4 AWM ¥Y¥EBFBFEERDEFPEFS&E2 1T 3T 7 T A FEE FEREREEFEESS T TR 1T A AN YN E BFEERERDENFE ST A1 A T AN FE FFEESE B4 ST AT I IARYE FEREFEF & AT .i "y FESFEEFLHEFS 11141
¥ F P EFEFEFRFSF+LITAAFIA P AANFNEFEFEFERFEEFPEFA 1A A A A Y P A FE R F R B4 A A A A P A MNP FFFFEF &1 1 41 A3 A " A FFFEKEEHFEFERERFE®* 141 1A A3 3P PR RN F-'* F FF X4 414 8 ¥4 "% ¥ ¥ AEFEFEFEK
& 4 3 A A AN W AN NN ES FEEFEFSALD S DI A A AN NFFFFREREENFFSY S 1A EA AN AN NYFFFREERFRS AT SR AR YT AN FFEE FRFEFRE AT AN AAN WA Y Y EFEE FRERFS i I X A " A WANMNF¥NFNREFRERELIIS & @ 28 11

mm R FEREREERARTSFAETTYNAAANNRNREREREEAREATTF AN AANNRNEREEEA RS AN T AAANARERNEERFERERASET A TAAANANRNRNRNEREEERRAAATT A" PR FEEREERLSAREAAT N ANEAERRERH
ERAAAAAAANNENFENNEEREESAREAAINANNTNNENEEEREENRER a:nnn-n---n::nnﬂ-i::nnnn-nnn-nu:n*n::nnnu--nnn‘lﬂ:r*ﬂ-naaan-nnnn-n:::rnﬂ-aan
TR FEEEEERREAAATAANAANNAEEEERTAAAT NN AN PR EEERRIAATAAAAANNNNERERESRTETEIA NS A AAENNRNEREREER 'l'f:-llnnn--nnuunnw:::-nnu-n--n- 1
F A2 A AW u 9 9 9 F U EEEFEENREAT N AN N RN E XN ‘l'lllllllI-lIl.l‘l"l'l!!'lllI!-llF-H"F‘F‘l"l'lil!'ll-w“---I'l‘l'l"l'l!'lll..lll"i‘!l‘ll’!ll!

R I R R R R R N R L LN, - K
P R E R R E E E EE R E R E R ", -
iullltltuuuuluinauiluluuuuut&auuiuuutum

BOM oW M M M W M W W W W W B B BB BN W W d I M W W W W M N W B B NN N W
O MO OB OE K B K & bk &3 H W & N WMWK BEEEEFAE K E RS MY ME N "™
B L d ¥ 3 &2 9 & & W AN FFERSES S EEdY A S S ENEFETERJSEN S

L AL R Y L R N R R
itiittndilﬂﬂi‘iiiiiiiittﬂlllﬂi""tiliiIhl:tti-i-l.iﬂiiliiiiiﬂ-lttt#l-ﬂi11
A Od W H M W W M B B W B B B B B R OEE LY N W W WM T R E NN EEEE LR EEEE N
iiluuuttuuuiiiiiiiiii-ltt‘i"juiiiiillilu-lltl-uj-iiiiiiluiinulntiuuiiii
j--u.:u:u:i!uunuuIIl:liltlst-i-tti:l'."nuillllltl:u:ltlt&u-i.iiuuuuqunultttrliiiauiuuuul!t
IIH!!ttl'l-l-‘l’l’llllIIII#FEEEI-I-I.!!I!IIIIIIHlllti-'l.-l.i’l’lIllilIIHlltliiiii! _.
F 4 4 2 2 T T A M EEEERETERETSELK -'.IIli'l'llIHIIllEttl’I-IIIIIIIIHII!EEII.-I.-I-IIIIIIIIII!E
IIIIIIl-l--l.'lIilll.‘.ﬂ-ﬂIlllllllllillIIIIIIlIIll-l-'I'I-lIllIlliiIIlIllliliIl
" R B B FEESLES SIS T TN N FEESFEERESRSLI I I3 430N I.-I-IIIIIl!!llI_ﬂtlll-I-I-IIlIIIIIllllll'l-l.l-lIIIIIIIIllllllllIIIllIIIIIllll
llll:lIll-nll:nl:tl-lllll::lllill:l::tlllmllllIIllll:l:tlrll..."::llllllllll:lntll-ljll:lIlilnnl:l:l:rl-llll:llll!ll!Il:ntrllllll:
WY EFEFEERESEEALEI I AS T TIANYEEFEERESREELALAS T 13T T AWM llll‘lIIIliIIl,"llllltlIIIIi'IIIIlI'lll‘lI'IIIII'IIIIlI'Illlllllllill!lll'llll 1
FAS A AT A AFFAREREEF SIS SA I AT NAAANFFERRER SIS AT REF R 3541247 AFYSYFRENFFEREERESESEAAFSIAFYSRNNPFEEFEERRSAAASASTIAYERNPRFPFFRREREEIERES A AAA
IIIIIEIIIIIIii!!!l!'lllﬂtll‘lliil!I!!lllIIlltl'll--ll‘#'lI!HlllIIEEIIl-l‘llll'l!!llIIlltl‘l‘llIIIIH!llIlIttll!IIilIl!!IlIlll

FIG. 2

4 B R B E F E F F§ &4 4§ 3§ 3 7 2 4 " B B B BE F F LN FLI AT a4 38

Mods

A A S A A A AIMNAMAANEEESFEEARASPFIF T AAAMNNNEFREERAAD S AT NAN P R KEFEFEEFASAAATYS AFARNFNFNEREREIASSTTAAFTAASTSEANRNEERFEFERERSAESTAAT FTASTAANNERENRLEESERSASTATD 1
nn--::::nnﬂ-nﬂlannn-nnn-n::n&i:aaannu-nn-nn:iﬁ':i-aaannnn-nnnn:::;iiaa::nn-nnn-::::rnﬂ-aaannnn-n-n::unwnn::ann---nn:: I ¢
ni:aan--nnn--nlumuﬂ-n:n::nnnn---nuuuiﬂ-ﬂ-:aﬂmnnn--nnuunwrn:::nnnnu-nnnuumﬂ-i::an-n-nn-n-nsmtﬂ-naaa-unnn--nnum::w::an
llllllllll:n::;rirn-:l:nl!n-nn---uu:iiananllllllllll--ﬂ'-lrn::ar-lr'lrlaannn--nn--nm::rr:an----- EE ENXN AN XAATN A AT IR E NN EEENTNTAAANN AN RN
|=1l=r=|l=|l-lﬂﬂ-!!inntltaFJ'!r:r:r#:-lﬂ—!!ivtntn;‘ﬁ?wianidd!llllllllnnn#!r###td!!!-ivtrtti#w i|-mvvtntrti'nw##i-i--!#iltliltn::lrr#a-#- 1 ¥
o ogop ok ko p W N A % M ok od o ok ok g E ok ko NN R R m o o oBop o ok kP MR o3 ool oo od ook g R koo F R Ny oM od koW r dr o3 & X %W M o o o o o B o gk ok odr o o3 3 o ok oo oWow oo kg
tauqiauuiuuuuuuutuaaqq:uuuuuuu‘ﬂttuuaauiiuuuuuuuuuuuunaquiiuuuiuuuuuuutuamumuuuuuutuauuiuuuiuuuuuuuttuauuii

WO M B B B B B N M W N N W M M M W M W M B oE BN E W qiillliilIlilllliiiillliillliltlll‘liiillillml‘t M N N EE R A EEE R NN
I-l-iillIIIIIIIlllttilii!!"-ﬂ'ﬁlllltttl‘-l'i.iii'l'l-IIIIIHEtliliiilil.lﬂillttltli ¥ "N NN R EEEEE R R E R E T A E E

0

IHH-iitliiliilllliIIHW I-'I--I.-IﬂillIHIIIHHI!EI"I-!!IIlIHHIIHHIHtEi#IiiIIIIIImt #+ 4 # 3 & 4 4 & M M & M WM K F E & 4 43 3 d 8 8 0 E W ddE N EER
B 4 W & & T 2 M M EE E R E E F E K F i [ d ¥ & B M M N KE E E F F E F 4 &4 & 7 ¥ X2 M B B B B B E E &k F L 4 4 34 & & % &3 M B B B B B BE F F U ¥ K a
I.I!llI.I--I-llilllll*’lilllllliiillIIIIIII!III‘IIIIIIIIIIIII!I!II}IiII’IIIIIrEil!
IIIIIIIIIIIIIII"‘IIIIIIIIIIIIIIIII-I.I-I-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII E |
IIIIFlI‘IlllI*-IIIII-FFIIIIIIIII!IIIIIIlF-I‘I‘Illl‘l!!III-IIFI-I‘IIIII‘IIIIIIII-

E B B E K E F ¥ 4 4 & 8 7 7 2 M B BN M BEEEERF L KN &L & 23
1 A 4 4 A 2 4 4 4 4 F £ F F EERE S LEIJdJd A S dadaadFEE BB
E & F EEE FALEMSZ T I 3T 3T T A" AR FEERDEFEEFILLSE S ® 3

Coolant Sample 134
Output Channels 220

M

i 44 4131314330 ‘# * E EF F L A 4 4 i4d 4 T A FYE FFEESFBFAL4 411497 I AR EE FEER FEFEREAAT AT I AMYFEE FEE RN R R4 T AAANYEFFEEEF BLEREAITAIAMYENRFFEGRNFFEREADSE T k
I'l--‘ll‘l“l‘ ;fﬁ-?-'"l"".‘.l'"4-.-'-"1-!"'-l‘-'-"""’."."'!'-'-I-'l"-‘-F-l-'-l-'-'l""".'!'-'-'-'-'l'-"'l-'-'-'-I-'"-".‘."l""‘-'-'l"-I"-'-'-.-'"-""’!'l'"4"-'-""-"'-'-'-."-"’."'t!'!'-.-'-'-"" 3 L
nme .Qll FEFEFEAR &L+ A A AT ¥FFAFREFEFERERFREARESEFA A I A A A AFPEFFEFEER 4 7 A 7 7 A F A AP EFFEF F R A 441 4 3 F F A F F A FFEFFFFEF R £ 41 A 3 T A A F A P F FEF FEFER A 4 7F 7 7 3 A 0N " FK m

el d b o e e ol o i T ol el ol A o i o o e B ol e e B o e ol T e il el o e T ol T ol e el e B i e e e il e o e Bl T ol i T e ol e T o B i o e B o T B 1 &
"R EEREFERFRERENTATYT AN EAANEENFFERFRENYTAIAAANANAEREFNFEFRE A RE®EAANNAANANNFNRNNEENT AT RAYN D AN AN RERFE N YA AN AW AN FFEERRENTAEREANA AN L

FTXA A A A AN RN REERFEENNEATAAAANRRNN TSR EEESNTNNTNAAAAAANFRREREEFEENT®AASN N A Y AR ERNF XN AXTAAS AT A RN SRR EENARETAT S A AR g FEE R T AT
MY E gt E g XY 3 oSy g EpE g E YR Fd N RN REE R EE R R EETFFAY AR R AN R E kR E NN RN YN e EmE N o n e E gt Ep gy TN N A e hEp

B ——————————————————

Inlet 210
QOutlet 212

Flow



U.S. Patent Jun. 30, 2020 Sheet 3 of 4 US 10,697,719 B2

e/
/

302
/_
)3

ct
image
Data(2) 354
A

//

ce 340

—
al Ba
352 Coun

Image

ri
Data(1) 350
evi
Bacterial

Growth 146

Bacte
Count(1)
Threshold for

Alert Generalion
Device 142

Imaging D

/

Transparent /

Separation Array(1) 304
Aperture 360

Separation Array(2) 306

L 2 2 1 L L1132 111 i3 1l 112t 1330t .1]1)
otk g Il i o i g ol e e e I - e i i ol I o e ol i el e - e o e e s e

-----
et . ro—
------- Mol ok ok ow % kM S M ok i ook i ok o o ko ow ok K ow N 3y M oMo oo ok ok kom ko ok ok kK KN
" EEEEEEEEEEEEEE e R R T O R o T R P T R R I :
" EEEREEREEEE R R R EEEEE E E E E E R E E R R T E N E R E R E R R R R s 2
e e e e i . L. e e & LA -
---------------------------------------
R R R R I R I B I O R R e I R R I B R R R R O i T i -
B OB Kk 4 4 & ¥ B W M M N M MEENEEBEHMRELKGAH& S %S & T MM K NNENEEFELERGSAHHF2 33483y u0nul® o u a 1
::::::::::::::::::::::::::::::::::::::::::::::::::::: r -
" "
::::::::::::::::::::::::::::::::::::::::::::::::::::: e AR R A R RAs
w " 4 XN FAFEFFRESSESENSSS S AN ENNEFEFEFEREESESISNd438324ad%aANFEFEFEFETETEHEAJ e L L t B |
[P L e N N N N Sl e N N N R NN N
B B LSS AT TTTAANNSEESFEERSERIRLILAEASSESSITIAANEFESFBFEERESELLASESIATATSTTRANRN e e e n el e e e e e s & N
m "N FFYNRNFEFFEREERESA AN AAAFEUSEPFAFEFEFERFERESRST 423239 aFVFEFPFAFFEREESRTES B 1 i
FFE 244 1TAIATAANYEFREEFERRIRERNSIAS S AATAANSERNFREFFEREEERFSA T A AT AN NEN m »
F nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn ]
EEEAAIANAAMNAMAANPFNNESERNRFEEERRSLASAAATAANANNRNERPFEEERRIRAASD S AAAAANANRNRN
::::::::::::::::::::::::::::::::::::
MMM AR R R R EREEARRE AT T AN A AR R R R R EE R AR AR AT A A e e oo on LT T T W N R Lt g e Lt e e T L L L L L L L m
::::::::::::::::::::::::::::::::::::::::::::::::::
m FEAAREAAAATAASTFENEEEREREESNTRAAAAAAAANRNERNSEEEEREERNRS-AAAAANSRRN i L b
i T AWM WMEERE R ERFARFEAANT TN AN NR R R R FEREERTRTEANT YA AN AAENRNREREEE N
u :::::::: M m mE e RN R R R EETE AR "R EEERE Em kX EA AT TA AN M oEMoN " n @ T
L] w owm oo b ok Kk ko od 3 oy o %o ook okokobok ok k k& oy oo d wowm oo bk kg m
n
Eod o W oW A d R EE KWW W R E R R YA AW BT,y W y a m & S W WM M OMOEEEKEERESRRELESMH S & 8 S MM AR R W EEREESELSSEEE NS oA N W
LR R R R R A L B R R R R A L R B R R R R R ot e T T T il TR T L L L T
T ™ o I N I N I I S I O I T T ) - L .
[ ERXR KT nm w - w " w "FEE
m ................................................... Taraa e e e e e e e e e T e s T e T e T T e e * - m
" nr i3 n L
A ¥ B A M ¥ 4 M 2 & & & M & & W EFFEGRS + 3 4 8 9 % 9 M 8 @ 48N K &EKS N BJ N AW E eI RN MO At e e DR ML e ") -
w iammMuRRREEEELLAAAAAFAOEEBRAELEEEE LA LA AT AENEEE R A W Mt e e e T e T e e M M T T T T T M e e T e T T e T T e T T M T T T T M Tt T L T T m
k484444432 48ddPFFPFEFFEERSERETIAAdAAAddaPrFFEFEFFETEFERDLDAJdd s dadildp oy rreenrsa14324 33398 " FFFEEEFERESEILAIST S TA TN NANANFTSEEEFERTENSA L0013 TARN"R * N
I AW NP EE E B FLESSASS T A ANUEEREEFERTESRIELALEASASSEZITTUNN
..H E ¥ - 2 1
lll.llall,.-"“.'lllllliilli"--““' " R N N N N R N N W NN NN N
: ------ u lllllllllllllllllllllllllllllllllllllllll " - IR R RN R U SR RS BN N RO 2 m 2 3
llllll IIWI!IIIIII{I‘II!!IIIIIII FEFE R EREEEAAAFAFEESN " AR MR AR R R R R ER RS SR AN, — H
m -----'m"‘ resaIRAREEEEEREREC aa” S S A N N D N L N N N R B o i T A i i m
EERAEA Gl FEEFEFEFERLIASIADTN - 3 W m w Wk md hE A FE R EERRY A 3 Al W 4 ok od mE ok EEEEETRER s A
L AR R Y R E R AR AR TR AR RN R R RE aa LTC IS N R P SN RE DL NE E R RN RN > N L E N NE DL LB R SN LALLM
1 W EEEEBFERSSATTTTAANN
D FRRFRRFKFFXTHA - ow " EEEEEREEEEEEE RN
11 AEFERFRFRESSAEETANN nm
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn o L L " e e T e e e e W
a ___________________ Wty L I L, PR A r s FEREERE AT 1 23 ]
1A nom PR FEERRERFA A M T Y RNMRNARREREREEFARSEADAN [ FEFEFREERH m
ke & b g B & MmN M MW Ml kK BN Kk & M R R M & ok M OM M ERBEE "N - AN
L™ R EREREREEEREE™ S EEEEREEEREEREEEREEREEREEREERERE R NEEEEE KN % nnnnnn o
‘ } ::::::::::::::::::::::::::::::: alf i 3 3 A M W &
nnnnnnnnnn . *A X I AN T Y ANRNNFREEERSAASARD FEER ¥R
WRR MR EEEREEE LSS I A ANk I BT E AN
uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu i A L - L
L " » W ke E R ERE
W = - " " kR K M
E
:u kW kRN
§
. = —
¥
L ]
u

Inlet 310
QOutlet 312



U.S. Patent Jun. 30, 2020 Sheet 4 of 4 US 10,697,719 B2

/— 400

Divert a coolant sample from a recirculating coolant line of a recirculating
cooling system into a coolant sampling loop. The coolant sampling loop
iIncludes a deterministic lateral displacement (DLD) microfluidic
separation device with a separation array designed to separate bacteria
into a particular output channel according to a particular size threshold.
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l

Ap

Determine a characteristic property of the coolant sampling loop based
on data collected by a monitoring device (e.g., a bacterial count in the
particular output channel, a fluid pressure change in the coolant
sampling loop).
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/
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Compare the characteristic property of the coolant sampling loop to a
threshold for bacterial growth in the recirculating cooling system.

406
2

No Threshold

satisfied?

Generate an alert to remediate the bacterial growth in the recirculating
cooling system.

408
/

FIG. 4
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MONITORING A RECIRCULATING
COOLING SYSTEM FOR BACTERIAL
GROWTH

BACKGROUND

In recirculating cooling water systems, biofilm formation
due to bacterial growth 1s unavoidable. Standard design
practices for such cooling systems specily addition of a
biocide to the cooling fluid. However, no biocide retains its
antibacterial eflicacy indefinitely. Consequently, the cooling
fluid has to be periodically sampled for bacterial growth.
Where growth exceeds a certain threshold, preventative
maintenance 1s required. Such maintenance may involve
actions ranging from draining, flushing, or recharging the
coolant loop to hardware replacement 1n severe cases where
biofilm has clogged the heat exchangers. Since bacterial
growth rates 1n the field are diflicult to predict, there 1s a risk
of hardware being fouled by biofilms prior to scheduled
preventive maintenance.

SUMMARY

According to an embodiment, a recirculating cooling
system 1s disclosed. The recirculating cooling system
includes a coolant sampling line, a deterministic lateral
displacement (DLD) microtluidic separation device, a moni-
toring device, and an alert generation device. The coolant
sampling line 1s 1n fluid communication with a recirculating
coolant line, and the DLD microfluidic separation device
receives a coolant sample diverted into the coolant sampling
loop from the recirculating coolant line via the coolant
sampling line. The DLD microfluidic separation device
includes a separation array for separating bacteria into an
output channel according to a size threshold. The monitoring
device monitors a characteristic property of the coolant
sampling loop for comparison to a threshold for bacterial
growth in the recirculating cooling system. The alert gen-
eration device generates an alert to remediate the bacterial
growth 1n the recirculating cooling system responsive to the
characteristic property of the coolant sampling loop satis-
tying the threshold.

According to another embodiment, a recirculating cooling
system 1s disclosed. The recirculating cooling system
includes a coolant sampling line, a DLD microfluidic sepa-
ration device, a monitoring device, and an alert generation
device. The coolant sampling line 1s 1in fluid communication
with a recirculating coolant line, and the DLD microfluidic
separation device receives a coolant sample diverted into a
coolant sampling loop from the recirculating coolant line via
the coolant sampling line. The DLD microtfluidic separation
device includes a first separation array for separating first
bacteria into a first output channel according to a first size
threshold and a second separation array for separating
second bacteria ito a second output channel according to a
second size threshold. The monitoring device estimates
bacterial count based on first image data collected at the first
output channel and second image data collected at the
second output channel. The alert generation device gener-
ates an alert to remediate bacterial growth 1n the recirculat-
ing cooling system responsive to the bacterial count satis-
tying a threshold for bacterial growth in the recirculating
cooling system.

According to yet another embodiment, process of moni-
toring a recirculating cooling system for bacterial growth 1s
disclosed. The process includes diverting a coolant sample
from a recirculating coolant line of a recirculating cooling
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system 1nto a coolant sampling loop. The process includes
utilizing a DLD microfluidic separation device including at
least one separation array to separate bacteria in the coolant
sample into a particular output channel according to a
particular size threshold. The process also includes moni-
toring a characteristic property of the coolant sampling loop
and comparing the characteristic property of the coolant
sampling loop to a threshold for bacterial growth in the
recirculating cooling system. The process further includes
generating an alert to remediate the bacternial growth 1n the
recirculating cooling system responsive to determining that
the characteristic property of the coolant sampling loop
satisfies the threshold.

The foregoing and other objects, features, and advantages
of the mvention will be apparent from the following more
particular descriptions of exemplary embodiments of the
invention as illustrated 1n the accompanying drawings
wherein like reference numbers generally represent like
parts ol exemplary embodiments of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1llustrates an example of a recirculating cooling
system that includes a DLD microfluidic separation device
to separate bacteria from a coolant sample for monitoring
bacterial growth 1n the recirculating cooling system, accord-
ing to one embodiment.

FIG. 2 illustrates an example of a separation array that
may be utilized to separate bacteria into an output channel
according to a size threshold for monitoring bacterial growth
in a recirculating cooling system, according to one embodi-
ment.

FIG. 3 illustrates an example of multiple separation arrays
that may be utilized to separate bacteria into a particular
output channel according to a particular size threshold for
monitoring bacterial growth in a recirculating cooling sys-
tem, according to one embodiment.

FIG. 4 1s a flow diagram 1llustrating a particular embodi-
ment of a process of monitoring a recirculating cooling
system for bacterial growth using a separation array to
separate bacteria in a coolant sample 1nto particular output
channel according to a particular size threshold.

DETAILED DESCRIPTION

Deterministic lateral displacement (DLD) 1s a passive
separation technique that utilizes a specific arrangement of
pillars within a channel to precisely control the trajectory of
and facilitate separation of particles of varying sizes. A DLD
microtluidic separation device may include a pillar gradient
array (also referred to as a “DLD array” or a “DLD pillar
array”’), where each successive row of pillars 1s shifted
laterally at a set distance from a previous row of pillars. This
arrangement creates separate flow laminae which follow
known paths through the DLD array. Larger particles are
bumped off their original tfluid paths and displaced laterally
to follow the pillar gradient, while smaller particles continue
in their original tfluid paths unaffected by the DLD array.
DLD techmiques have been used to separate a wide range of
particles, from nanometer-sized particles to millimeter-sized
particles, icluding bactenia.

The present disclosure describes a recirculating cooling
system with a coolant sampling loop that incorporates a
DLD microfluidic separation device including a separation
array (or multiple separation arrays) designed to separate
bacteria mto a particular output channel according to a
particular size threshold. Since virgin coolant (e.g., distilled
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water) 1s a simple solution (1.e., there are no suspended
particles), nothing will 1nitially accumulate in the output
channels of the separation array(s). Once bacteria infiltrate
the coolant sampling loop, the bacteria are laterally dis-
placed toward a collection wall of the separation array into
a collection output. The bacteria may be monitored visually
(via an 1maging/camera system), via a pressure drop (e.g.,
via a piezoelectric sensor), or by some other detector known
to those skilled in the art. If a bacteria “count” or other
characteristic property of the coolant sampling loop exceeds
a threshold trigger level, an alert may be generated so that
an appropriate remediation action may be undertaken. Thus,
the system of the present disclosure may function as an
“early warning system” for the presence of bacteria 1n the
recirculating cooling system to reduce the risk of hardware
being fouled by biofilms prior to scheduled preventive
maintenance.

FIG. 1 1s a diagram depicting a recirculating cooling
system 100 that includes a DLD microfluidic separation
device 102 for monitoring bacterial growth 1n the recircu-
lating cooling system 100. The DLD microfluidic separation
device 102 includes a separation array 104 (or multiple
separation arrays) designed to laterally displace bacteria into
a particular output channel according to a particular size
threshold, as illustrated and described further herein with
respect to the examples depicted 1n FIG. 2 (a single sepa-
ration array) and FIG. 3 (multiple separation arrays).

In the simplified example depicted in FIG. 1, the recir-
culating cooling system 100 includes a cooling water res-
ervorr 110, a pump 112, a filter 114, and a heat exchanger
116 for dissipating heat from multiple thermal devices (e.g.,
multiple computing resources of a liquid-cooled supercom-
puter). For ease of illustration, FIG. 1 depicts a first thermal
device 120, a second thermal device 122, and a third thermal
device 124 as representative examples of numerous thermal
devices that are cooled using cooling water 1n a recirculating
coolant line 130.

The recirculating cooling system 100 includes a coolant
sampling line 132 that 1s in fluid communication with the
recirculating coolant line 130. The DLD microtluidic sepa-
ration device 102 1s configured to receive a coolant sample
134 diverted into a coolant sampling loop 136 from the
recirculating coolant line 130 via the coolant sampling line
132. A monitoring device 140 1s configured to measure a
characteristic property of the coolant sampling loop 136 for
comparison to a threshold 146 indicative of bactenial growth
in the recirculating cooling system 100. An alert generation
device 142 is configured to generate an alert 144 to reme-
diate the bacterial growth 1n the recirculating cooling system
100 responsive to the characteristic property of the coolant
sampling loop 136 satistying the threshold 146. In some
cases, the alert 144 may be transmitted via a network to
personnel associated with performing preventive mainte-
nance on the recirculating cooling system 100, such as in the
form a text message, an email message, or some other
communications means. Such personnel may be local or
remote, and the alert 144 may provide suilicient notice to
address the bacterial growth before hardware 1s fouled by
biofilms.

While not shown in the example of FIG. 1, the alert
generation device 142 may also be configured to 1nitiate an
automated remedial action responsive to determining that
the characteristic property of the coolant sampling loop 136
satisiies the threshold 146. In a particular embodiment, the
automated remedial action may include the mtroduction of
a biocide 1nto the recirculating coolant line 130. To 1llustrate,
the cooling water reservoir 110 may include a purge cou-
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pling where a biocide reservoir (not shown) may be coupled,
and the alert generation device 142 may be configured to
send structions to trigger release of biocide from the
biocide reservoir. As another example, the heat exchanger
116 may include a drain port where a biocide reservoir (not
shown) may be coupled, and the alert generation device 142
may be configured to send instructions to trigger release of
biocide from the biocide reservoir. As a further example, the
automated remedial action may include rotating a cartridge
containing biocide mto a flow path of the recirculating
coolant line 130.

In some embodiments, the monitoring device 140
includes an 1maging device (see e.g. FIGS. 2 and 3) to
collect 1image data for one or more output channels of the
separation array 104. The imaging device may include
solftware, hardware or a combination thereol capable of
estimating a “count” of bacteria 1 a particular output
channel of the separation array 104 based on the image data.
In this case, the characteristic property of the coolant sam-
pling loop 136 corresponds to an estimated bacterial count,
and the threshold 146 corresponds to a threshold bacterial
count indicative of bacterial growth in the recirculating
cooling system 100. When the bacterial count satisfies the
threshold 146, the alert generation device 142 may generate
the alert 144 to remediate the bacterial growth.

In some embodiments, the monitoring device 140
includes a pressure sensor (€.g., a piezoelectric sensor) to
measure a fluid pressure change in the coolant sampling loop
136. In this case, the characteristic property of the coolant
sampling loop 136 corresponds to the change of fluid
pressure. When the change of fluid pressure satisfies a
threshold pressure change indicative of bacterial growth in
the recirculating cooling system 100, the alert generation
device 142 generates the alert 144 to remediate the bacterial
growth.

As 1llustrated in the example of FIG. 3, several separation
arrays may be employed when it 1s desirable to have more
than one size-based separation. By having several arrays
with a sequentially decreasing critical dimension, 1t may be
possible to separate bacteria according to various size
thresholds. A first example of such a design 1s a “multiple
array” for use where the largest particle dimension 1s no
larger than the gap size of the final array. A second example
1s a “churped array” where a row shift fraction 1s varied to
increase separation range and reduce clogging 1n compari-
son to a multiple array. As the row shift fraction increases,
the displacement angle also increases. A third example 1s a
“cascade array” with separate non-clogging outflows to
increase the separation range further.

In cases where multiple separation arrays are employed,
such as in the example depicted 1n FIG. 3, the alert 144 may
include information regarding particular bacteria when an
estimated bacterial count at a particular output channel
satisfies a particular bacterial count threshold. To illustrate,
one separation array may enable first bacteria (e.g., rod-
shaped bactena) satistying a first size threshold to be dis-
placed into a first output channel, while another separation
array may enable second bacteria (e.g., round-shaped bac-
teria) satistying a second size threshold to be displaced into
a second output channel. In this example, the alert 144 may
include information regarding the first bacteria (e.g., “Reme-
diate bacillus bacteria”) when an estimated bacterial count at
the first output channel satisfies the threshold 146. Alterna-
tively, the alert 144 may include information regarding the
second bacteria (e.g., “Remediate coccus bacteria™) when an
estimated bacterial count at the second output channel

satisfies the threshold 146.
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Thus, FIG. 1 illustrates an example of a recirculating
cooling system that includes a DLD microfluidic separation
device to enable monitoring of bacterial growth in the
recirculating cooling system. The DLD microtluidic sepa-
ration device 1s positioned 1 a coolant sampling loop to
divert a coolant sample ito a DLD pillar array that is
designed for separating bacteria according to a particular
size threshold (or multiple thresholds). As illustrated and
turther described herein, the DLD pillar array may have a
single-array design (see FIG. 2) for bacterial separation
according to a single size threshold or a multiple-array
design (see FIG. 3) for bacterial separation according to
multiple size thresholds. The presence of bacteria in the
coolant sample may affect a characteristic property of the
coolant sampling loop. A change of the characteristic prop-
erty may provide an early warning of an increased number
of bacteria 1n the recirculating cooling system. Generating
an alert when the characteristic property satisfies a threshold
for bacterial growth enables a remediation action to be
performed 1 order to reduce the risk of hardware being
touled by biofilms prior to scheduled preventive mainte-
nance.

Referring to FIG. 2, a diagram depicts a portion of a DLD
microtluidic separation device 202 including a separation
array 204 for separation of bacteria into an output channel
according to a size threshold, according to one embodiment.
FIG. 2 depicts an example of a single-array design for
separating bacteria from the coolant sample 134 according
to a single size threshold. In a particular embodiment, the
separation array 204 may be fabricated using standard
lithography procedures. For example, the separation array
204 may correspond to a polydimethylsiloxane (PDMS)
array manufactured from a silicon resist based on a design
to achieve lateral displacement of particles according to a
particular size threshold.

The coolant sample 134 enters at an ilet 210 of the DLD
microtluidic separation device 202 and exits at an outlet 212
of the DLD microfluidic separation device 202 (for re-
insertion nto the recirculating coolant line 130). Particles
(e.g., bacteria) i the coolant sample 134 that do not satisiy
the size threshold are not affected by the pillars of the
separation array 204 and continue 1n a streamline toward the
outlet 212 (1n a *“zigzag” mode). Particles in the coolant
sample 134 that satisty the size threshold are laterally
displaced 1n a direction toward a collection wall of the DLD
microtluidic separation device 202 (1n a displacement mode)
into a particular output channel of multiple output channels
220 that are positioned at the outlet 212. In a particular
embodiment, the size threshold may correspond to a char-
acteristic bacterial dimension 1n a range of 0.2 microns to 10
microns.

Cocci bacteria have a spherical shape, with the charac-
teristic bacterial dimension of a coccus bacterium corre-
sponding to an approximate particle diameter. Bacilli (rod
shape) bacteria having a nearly one-dimensional shape (as
well as “rod-like” bacteria with a shape that lies between rod
shape and spherical shape) introduce added complexity into
a design for the separation array 204 due to a large number
of possible orientations for such bacteria 1 a fluid medium.
To achieve separation of such bacteria from the coolant
sample 134 based on a longest dimension (typically 1denti-
fied as a “length™), some pillar shapes have been shown to
induce rotation and/or thipping for presentation of different
particle orientations. Such particle re-orientations may assist
with fluid streamline changes as the longest dimension of the
particle opens up. For example, “I-shaped” pillars and
“L-shaped” pillars may be satistactory to induce rotation of
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a rod-shaped bactertum, enabling lateral displacement
according to a size threshold associated with the longest
dimension.

FIG. 2 illustrates an embodiment 1in which the monitoring,
device 140 of FIG. 1 includes an imaging device 240
configured to collect image data 250 at the particular output
channel. The image data 250 1s utilized to estimate a
bacterial count 252, corresponding to bacteria that satisfied
the particular size threshold and that were laterally displaced
in the first separation array 204. FIG. 2 illustrates that a
transparent aperture 260 may enable the imaging device 240
to collect the image data 250 at the particular output channel
(e.g., by focusing a lens at the particular output channel).
When the bacterial count 252 satisfies the threshold 146 for
bactenial growth 1n the recirculating cooling system 100, the
alert generation device 142 may trigger the alert 144 (see
FIG. 1) and/or trigger an automated/semi-automated reme-
diation action such as the msertion of additional/alternative
biocide.

Thus, FIG. 2 1llustrates an example of a DLD microfluidic
separation device with a DLD pillar array having a single-
array design for separation of bacteria from a coolant sample
according to a single size threshold. As described herein
with respect to FIG. 1, the presence of bacteria 1n the coolant
sample may aflect a characteristic property of the coolant
sampling loop. FIG. 2 depicts an illustrative example 1n
which the characteristic property corresponds to an esti-
mated bacterial count at the output channel, and an 1maging
device 1s used to monitor the estimated bacterial count based
on 1mage data collected at the output channel. A change of
the estimated bacterial count at the output channel may
provide an early warning of an increased number of bactena
in the recirculating cooling system. An alert may be gener-
ated when the estimated bacterial count at the output channel
satisfies a threshold for bacterial growth, enabling a reme-
diation action to be performed 1n order to reduce the risk of
hardware being fouled by biofilms prior to scheduled pre-
ventive maintenance.

Referring to FI1G. 3, a diagram depicts a portion of a DLD
microfluidic device 302 including multiple separation
arrays, according to one embodiment. In contrast to the
design depicted i FIG. 2 that employs a single separation
array, FIG. 3 depicts an example of an alternative design for
separating bacteria from the coolant sample 134 according
to multiple size thresholds. In the particular embodiment
depicted m FIG. 3, the DLD microfluidic device 302
includes a first separation array 304 for separating bacteria
according to a {first size threshold and a second separation
array 306 for separating bacteria according to a second size
threshold. It will be appreciated that an alternative number
and/or arrangement of separation arrays may be employed.
In a particular embodiment, the first and second separation
arrays 304, 306 may be fabricated using standard lithogra-
phy procedures. For example, the first and second separation
arrays 304, 306 may correspond to a PDMS array manu-
factured from a silicon resist based on a design to achieve
lateral displacement of particles according to the first and
second size thresholds.

The coolant sample 134 enters at an mnlet 310 of the DLD
microtluidic separation device 302 and exits at an outlet 312
of the DLD microfluidic separation device 302 (for re-
insertion into the recirculating coolant line 130). Particles
(e.g., bacteria) 1n the coolant sample 134 that do not satisiy
a first si1ze threshold are not aflected by the pillars of the first
separation array 304 and continue 1n a streamline toward an
input channel of the second separation array 306 (1n a
“zigzag” mode). Particles in the coolant sample 134 that
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satisty the first size threshold are laterally displaced (in a
displacement mode) into a different input channel of the
second separation array 306.

Particles that satisfied the first s1ze threshold and ones that
were laterally displaced 1n the first separation array 304 may
continue 1n the displacement mode through the second
separation array 306 into a first output channel of the
multiple output channels 320 at the outlet 312 (adjacent to
the collection wall). FIG. 3 illustrates that particles that did
not satisty the first size threshold and that passed through the
first separation array 304 1n the zigzag mode may continue
to flow 1n the same streamline (zigzag mode) through the
second separation array 306 or may be laterally displaced
(displacement mode) into a second output channel of the
multiple output channels 320 at the outlet 312. Thus, the first
separation array 304 separates first bacteria into the first
output channel according to the first size threshold, and the
second separation array 306 separates second bacteria into
the second output channel according to the second size
threshold.

FI1G. 3 illustrates an embodiment in which the monitoring,
device 140 of FIG. 1 corresponds to an imaging device 340
configured to collect first image data 350 at the first output
channel and to collect second 1image data 354 at the second
output channel. The first image data 350 1s utilized to
estimate a first bacterial count 352, corresponding to bacte-
ria that satisfied the first size threshold and that were
laterally displaced in the first and second separation arrays
304, 306 into the first output channel. The second 1mage data
354 15 utilized to estimate a second bacterial count 356,
corresponding to bacteria that did not satisty the first size
threshold but that satisfied the second size threshold and
were laterally displaced 1n the second separation array 306
into the second output channel. FIG. 3 illustrates that a
transparent aperture 360 may enable the imaging device 340
to collect the first image data 350 at the first output channel
and to collect the second 1image data 354 at the second output
channel (e.g., utilizing different lenses to focus on the
individual output channels). When the first bacterial count
352 or the second bacterial count 356 satisfies the threshold
146 for bactenial growth 1n the recirculating cooling system
100, the alert generation device 142 may trigger the alert 144
(see FIG. 1) and/or trigger an automated/semi-automated
remediation action such as the insertion of additional/alter-
native biocide. In some cases, the alert 144 may provide
information regarding the particular bacteria that satisfied
the threshold 146, such as mformation i1dentifying the par-
ticular bacteria as satistying either the first size threshold or
the second size threshold.

Thus, FIG. 3 1llustrates an example of a DL D microfluidic
separation device with a DLD pillar array having a multiple-
array design for separation of bacteria from a coolant sample
according to multiple size thresholds. As described herein
with respect to FIG. 1, the presence of bacteria in the coolant
sample may affect a characteristic property of the coolant
sampling loop. FIG. 3 depicts an illustrative example 1n
which the characteristic property corresponds to an esti-
mated bacterial count at a particular output channel, and an
imaging device 1s used to monitor the estimated bacterial
count based on 1mage data collected at the particular output
channel. A change of the estimated bacterial count at the
particular output channel may provide an early warning of
an icreased number of bacteria in the recirculating cooling
system. An alert may be generated when the estimated
bacterial count at the particular output channel satisfies a
threshold for bacterial growth, enabling a remediation action
to be performed 1n order to reduce the risk of hardware being,
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fouled by biofilms prior to scheduled preventive mainte-
nance. In some cases, the alert may include information
regarding the particular bacteria at the particular output
channel. In some cases, such information may be useful for
identifying the particular remediation action, such as a
particular biocide to be introduced into the recirculating
cooling system. To illustrate, when an estimated bacterial
count at a {irst output channel satisfies the threshold, the
remedial action may include utilizing a biocide effective
against the particular bacteria displaced into the first output
channel. When an estimated bacterial count at a second
output channel satisfies the threshold, the remedial action
may include utilizing a different biocide effective against the
particular bacteria displaced into the second output channel.

FIG. 4 1s a flow diagram depicting an example of a
process 400 of monitoring a recirculating cooling system for
bacterial growth, according to one embodiment. In the
particular embodiment depicted 1n FIG. 4, the process 400
includes generating an alert (at 408) 1n cases where a
characteristic of the coolant sampling loop 1s indicative of
bacterial growth in the recirculating cooling system. Alter-
natively or additionally, the process 400 may include 1niti-
ating an automated or semi-automated remediation action,
such as 1njecting additional/alternative biocide(s) into the
recirculating cooling system from a biocide reservoir
(among other possibilities).

The process 400 includes diverting a coolant sample from
a recirculating coolant line of a recirculating cooling system
into a coolant sampling loop, at 402. The coolant sampling
loop includes a DLD microfluidic separation device with a
separation array designed to separate bacteria from the
coolant sample 1nto a particular output channel according to
a particular size threshold. For example, referring to FI1G. 1,
the coolant sample 134 may be diverted from the recircu-
lating cooling system 100 into the coolant sampling loop
136 via the coolant sampling line 132. The coolant sampling
loop 136 1ncludes the DLD microfluidic separation device
102 with the separation array 104 for separation of bacteria
from the coolant sample 134. The DLD microfluidic sepa-
ration device 102 of FIG. 1 may have a single-array design
or a multiple-array design. To illustrate, the DLD microflu-
1dic separation device 102 of FIG. 1 may correspond to the
DLD microflmidic separation device 202 of FIG. 2, which
represents an example of a single-array design that includes
the separation array 204 for separation of bacteria according
to a single size threshold. Alternatively, the DLD microflu-
1idic separation device 102 of FIG. 1 may correspond to the
DLD microfluidic separation device 302 of FIG. 3, which
represents an example of a multiple-array design that
includes the separation arrays 304, 306 for separation of
bacteria according to different size thresholds. It will be
appreciated that a variety of array designs (including various
pillar shapes) may be utilized for separation of bacteria from
the coolant sample 134 according to one or more size
thresholds.

The process 400 includes determining a characteristic
property of the coolant sampling loop based on data col-
lected by a monitoring device, at 404. For example, referring
to FIG. 1, the monitoring device 140 may measure a
characteristic property of the coolant sampling loop 136. In
a particular embodiment, the characteristic property of the
coolant sampling loop 136 corresponds to a bacterial count
in a particular output channel. As an example, the monitor-
ing device 140 of FIG. 1 may correspond to the imaging
device 240 of FIG. 2 that collects the image data 250 to
estimate the bacterial count 252 at one of the output channels
220. As another example, the monitoring device 140 of FIG.
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1 may correspond to the imaging device 340 of FIG. 3 that
collects the first image data 350 for estimating the first
bacterial count 352 at one of the output channels 320 and
that collects the second 1image data 354 for estimating the
second bacterial count 356 at another one of the output
channels 320. In another embodiment, the characteristic
property of the coolant sampling loop 136 may correspond
to a fluid pressure change in the coolant sampling loop 136.
In this case, the monitoring device 140 of FIG. 1 may
correspond to a pressure sensor (€.g., a piezoelectric sensor)
to measure the tluid pressure change.

The process 400 includes comparing the characteristic
property of the coolant sampling loop to a threshold for
bacterial growth 1n the recirculating cooling system, at 406.
For example, referring to FIG. 1, the monitoring device 140
may compare the characteristic property of the coolant
sampling loop 136 to the threshold 146 for bacterial growth
in the recirculating cooling system 100. To 1llustrate, 1n the
example depicted 1n FIG. 2 where the monitoring device 140
corresponds to the imaging device 240, the characteristic
property corresponds to a threshold bacterial count, and the
bacterial count 252 1s compared to the threshold bacterial
count. In the example depicted in FIG. 3 where the moni-
toring device 140 corresponds to the imaging device 340, the
characteristic property corresponds to a threshold bacterial
count, and the individual bacterial counts 352, 356 are
compared to the threshold bacterial count.

In cases where the threshold 1s not satisfied, the process
400 may return to 404 for a next measurement of the
characteristic property of the coolant sampling loop. In cases
where the threshold 1s satisfied, FIG. 4 1llustrates a particular
embodiment in which the process 400 includes generating
an alert to remediate the bacterial growth 1n the recirculating
cooling system, at 408. For example, referring to FIG. 1, the
alert generation device 142 may generate the alert 144 to
remediate the bacterial growth in the recirculating cooling,
system 100. In some embodiments, such as the multiple-
array design depicted 1in FIG. 3, the alert 144 may provide
information regarding the particular bacteria that satisfied
the threshold 146, such as imnformation 1dentifying the par-
ticular bacteria as satistying either the first size threshold or
the second size threshold. In some cases, the alert generation
device 142 may also initiate an automated or semi-auto-
mated remediation action, such as injecting additional/alter-
native biocide(s) into the recirculating cooling system 100
from a biocide reservoir (among other possibilities).

Thus, FIG. 4 1illustrates an example of a process of
monitoring a recirculating cooling system for bacterial
growth using a DLD microfluidic separation device posi-
tioned to receive a coolant sample diverted into a coolant
sampling loop. The DLD microfluidic separation device
includes at least one separation array for separating bacteria
from the coolant sample mto a particular output channel
according to a particular size threshold. The presence of
bacteria 1n the coolant sample may aflect a characteristic
property of the coolant sampling loop. A change of the
characteristic property may provide an early warning of an
increased number of bacteria 1n the recirculating cooling
system. Generating an alert when the characteristic property
satisiies a threshold for bacterial growth enables a remedia-
tion action to be performed 1n order to reduce the risk of
hardware being fouled by biofilms prior to scheduled pre-
ventive maintenance.

It will be understood from the foregoing description that
modifications and changes may be made 1n various embodi-
ments of the present invention without departing from its
true spirit. The descriptions 1n this specification are for
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purposes of illustration only and are not to be construed in
a limiting sense. The scope of the present invention 1s
limited only by the language of the following claims.

What 15 claimed 1s:

1. A recirculating cooling system comprising:

a coolant sampling line i fluid commumcation with a
recirculating coolant line;

a deterministic lateral displacement (DLD) microfiuidic
separation device to receive a coolant sample diverted
into a coolant sampling loop from the recirculating
coolant line via the coolant sampling line, the DLD
microfluidic separation device including a separation
array lor separating bacteria into an output channel
according to a size threshold;

a monitoring device to monitor a characteristic property
of the coolant sampling loop for comparison to a
threshold for bacterial growth 1n the recirculating cool-
ing system, wherein the monitoring device includes a
pressure sensor to monitor a fluid pressure change in
the coolant sampling loop, and wherein the character-
1stic property of the coolant sampling loop corresponds
to the fluid pressure change; and

an alert generation device to generate an alert to remediate
the bacterial growth 1n the recirculating cooling system
responsive to the characteristic property of the coolant
sampling loop satisiying the threshold.

2. The recirculating cooling system of claim 1, wherein
the monitoring device further includes an 1imaging device to
collect image data at the output channel, and wherein the
characteristic property of the coolant sampling loop corre-
sponds to an estimated bacterial count at the output channel.

3. The recirculating cooling system of claim 2, wherein a
transparent aperture enables the 1imaging device to collect
the 1mage data at the output channel.

4. The recirculating cooling system of claim 1, wherein
the pressure sensor 1s a piezoelectric sensor.

5. The recirculating cooling system of claim 1, wherein
the size threshold corresponds to a characteristic bacterial
dimension 1n a range of 0.2 microns to 10 microns.

6. The recirculating cooling system of claim 3, wherein
the characteristic bacterial dimension corresponds to a lon-
gest dimension of a rod-shaped bacterium.

7. The recirculating cooling system of claim 1, wherein
the alert generation device 1s further configured to 1nitiate an
automated remedial action responsive to determining that
the characteristic property of the coolant sampling loop
satisfies the bacterial growth threshold.

8. The recirculating cooling system of claim 7, wherein
the automated remedial action includes introduction of a
biocide 1nto the recirculating coolant line of the recirculating,
cooling system.

9. A recirculating cooling system comprising:

a coolant sampling line 1 fluid communication with a

recirculating coolant line;

a deterministic lateral displacement (DLD) microfiuidic
separation device to receive a coolant sample diverted
into a coolant sampling loop from the recirculating
coolant line via the coolant sampling line, the DLD
microtluidic separation device including a first separa-
tion array for separating first bacteria into a first output
channel according to a first size threshold and a second

separation array for separating second bacteria into a
second output channel according to a second size

threshold;
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a monitoring device to estimate bacterial count based on
first image data collected at the first output channel and
second 1mage data collected at the second output chan-
nel; and

an alert generation device to generate an alert to remediate
bacterial growth in the recirculating cooling system
responsive to the bactenial count satisfying a threshold
for bacterial growth 1n the recirculating cooling system.

10. The recirculating cooling system of claim 9, wherein
the alert includes information regarding the first bactena
when an estimated bacterial count at the first output channel
satisfies the threshold.

11. The recirculating cooling system of claim 9, wherein
the alert includes information regarding the second bacteria
when an estimated bacterial count at the second output
channel satisfies the threshold.

12. The recirculating cooling system of claim 9, wherein
the first bacteria correspond to rod-shaped bacteria, and
wherein the second bacteria correspond to round-shaped
bacteria.

13. The recirculating cooling system of claim 9, wherein
the DLD microfluidic separation device has a multiple array
design including the first separation array and the second
separation array, a chirped array design including the first
separation array and the second separation array, or a
cascade array design including the first separation array and
the second separation array.

14. A process of monitoring a recirculating cooling sys-
tem for bacterial growth, the process comprising:

diverting a coolant sample from a recirculating coolant
line of a recirculating cooling system into a coolant
sampling loop;

utilizing a determunistic lateral displacement (DLD)
microtluidic separation device including at least one
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separation array to separate bacteria in the coolant
sample 1nto a particular output channel according to a
particular size threshold;
monitoring, using a pressure sensor configured to measure
a fluid pressure in the coolant sampling loop, a char-
acteristic property of the coolant sampling loop,
wherein the characteristic property includes a fluid
pressure change in the coolant sampling loop;

comparing the characteristic property of the coolant sam-
pling loop to a threshold for bacterial growth 1n the
recirculating cooling system; and

responsive to determiming that the characteristic property

of the coolant sampling loop satisfies the threshold,
generating an alert to remediate the bacterial growth 1n
the recirculating cooling system.

15. The process of claim 14, wherein the characteristic
property of the coolant sampling loop corresponds to an
estimated bacterial count at the particular output channel.

16. The process of claim 14, wherein the DLD microflu-
idic separation device includes first separation array for
separating {irst bacteria mto a first output channel according
to a first size threshold and a second separation array for
separating second bacteria mto a second output channel
according to a second size threshold.

17. The process of claim 14, further comprising nitiating
an automated remedial action responsive to determining that
the characteristic property of the coolant sampling loop
satisfies the threshold.

18. The process of claim 17, wherein mitiating the auto-
mated remedial action includes automatically introducing a
biocide 1nto the recirculating coolant line of the recirculating
cooling system.
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